D-Alnyl-lipoteichoic acid (D-alanyl-LTA) from Lactobacillus casei contains a poly(glycerol phosphate) moiety that is selectively acylated with D-alanine ester residues. To characterize further the mechanism of D-alarnie substitution, intermediates were sought that participate in the assembly of this LTA. The assembly of D-alanyl-lipoteichoic acid (D-alanyl-LTA) requires a biosynthetic system for selectively acylating the glycerol phosphate units of the poly(glycerol phosphate) moiety with D-alanine ester residues. These ester residues appear to have an important role in modulating the biological activity of this polymer. For example, Baddiley and co-workers (1, 20, 21, 26) have established that the capacity of this polymer to chelate Mg2+ is regulated in part by these ester residues. Recently, it was established by Fischer et al. (10, 11 ) that LTA containing D-alanyl residues did not function as an LTA carrier. Thus, the incorporation system for introducing these amino acid residues plays an important role in controlling the activity of Dalanyl-LTA.
D-Alnyl-lipoteichoic acid (D-alanyl-LTA) from Lactobacillus casei contains a poly(glycerol phosphate) moiety that is selectively acylated with D-alanine ester residues. To characterize further the mechanism of D-alarnie substitution, intermediates were sought that participate in the assembly of this LTA. From the incorporation system utilizing either toluene-treated cells or a combination of membrane fragments and supernatant fraction, a series of membrane-associated D-[14C]alanyl-lipophilic compounds was found. The assay of these compounds depended on their extractability into monophasic chloroform-methanol-water (0.8:3.2:1.0, vol/vol/vol) and subsequent partitioning into chloroform. Four lines of evidence suggested that the D-alanyl-lipophilic compounds are intermediates in the synthesis of D-alanyl-LTA. First, partial degradation of the poly(glycerol phosphate) moiety of D-alanyl-LTA by phosphodiesterase IH/phosphatase from Aspergillus niger generated a series of D-alanyl-lipophilic compounds similar to those extracted from the toluene-treated cells during the incorporation of Dalanine. Second, enzymatic degradation of the D-alanyl-lipophilic compounds by the above procedure gave D-alanyl-glycerol, the same degradation product obtained from D-alanyl-LTA. Third, the incorporation of D-alanine into these compounds required the same components as the incorporation of D-alanine into membrane-associated D-alanyl-LTA. Fourth, the phosphate-induced loss of D-
[14C]alanine-labeled lipophilic compounds could be correlated with the stimulation of phosphatidylglycerol synthesis in the presence of excess phosphate. We interpreted these experiments to indicate that the D-alanyl-lipophilic compounds are D-alanyl-LTA with short polymer chains and are most likely intermediates in the assembly of the completed polymer, D-alanyl-LTA.
The assembly of D-alanyl-lipoteichoic acid (D-alanyl-LTA) requires a biosynthetic system for selectively acylating the glycerol phosphate units of the poly(glycerol phosphate) moiety with D-alanine ester residues. These ester residues appear to have an important role in modulating the biological activity of this polymer. For example, Baddiley and co-workers (1, 20, 21, 26) have established that the capacity of this polymer to chelate Mg2+ is regulated in part by these ester residues. Recently, it was established by Fischer et al. (10, 11) that LTA containing D-alanyl residues did not function as an LTA carrier. Thus, the incorporation system for introducing these amino acid residues plays an important role in controlling the activity of Dalanyl-LTA.
In Lactobacillus casei the incorporation of D-alanine into LTA is accomplished in the following two-step reaction sequence (2, 27, 34, 36) : (2) In reaction 1, D-alanine is activated in the presence of ATP and the D-alanine activating enzyme to form an enzyme. AMP-D-alanine complex with the release of PPi. In reaction 2, the Partial purification of D-alanine activating enzyme and D-alanine:membrane acceptor ligase. These proteins have been partially purified from the supernatant fraction of L. casei by a modified procedure of Linzer and Neuhaus (27) . Instead of resolving ligase and activating enzyme on Sephadex G-100, the filtration was accomplished on Sephacryl S-200 (2.5 by 100 cm). The column was equilibrated at 6°C with 50 mM piperazine acetate, pH 6.5, and eluted with the same buffer. The activating enzyme and the ligase were measured according to procedures described by Baddiley and Neuhaus (2) and Linzer and Neuhaus (27) . The isolation of D-alanyl-lipophilic compounds was accomplished by the monophasic extraction procedure described by Bligh and Dyer (5) . To terminate the reaction, 2 ml of extraction solvent (CHC13-CH30H, 1.0:3.8 [vol/vol] ) was added to 0.5 ml of reaction mixture. This gave a monophasic system [CHC13-CHEOH-H20, 0.8:3.2:1.0 [vol/vol/vol]) which was mixed with a Vortex Genie mixer (Scientific Products) for 10 a and maintained at 370C for 10 min. The extraction mixture was mixed again, and the sample mixture was filtered through a compact 0.6-cm glass wool plug in a 12.5-cm Pasteur pipette. Rinse solvent (0.5 ml) identical to the monophasic system was used to wash the residue.
The separation of D-alanyl-lipophilic compounds was accomplished by a modification of the procedure descibed by Bligh and Dyer (5). To the above filtrate (3.0 ml) 3.4 ml of separation solvent (CHC13-CH3OH, 1 .0.1.2 [vol/vol]) and 2.0 ml of 0.9% NaCl were added.
The biphasic system was mixed vigorously and centrifuged for 10 min at one-quarter speed in an International clinical centrifuge to separate the organic and aqueous phases. The aqueous layer was removed, and an additional 2.0 ml of 0.9% NaCl was added. The biphasic system was mixed and centrifuged. The CHC13 layer was transferred to a scintillation vial and evaporated, and 15 ml of scintillation fluid was added.
Preparation of n-alanyl-LTA free of i-alanyllipophilic compounds. D-[ 4C]alanyl-LTA was isolated from toluene-treated cells ofL. casei as described by Childs and Neuhaus (6) . After the D-[14C]alanyl-LTA was purified on Sepharose 6B (6), the sample was concentrated to 3 ml and the D-alanyl-lipophilic compounds were removed from the D-alanyl-LTA by the procedure described in the extraction assay. 1A) and membranes (Fig. 1B) . The toluene-treated celis provided a system with higher activity, whereas the combination of membrane fragments and supernatant fraction allowed one to establish the requirements for incorporation. Table 1 ). The supernatant fraction could not be replaced by either the activating enzyme or the ligase. Both components were required to achieve optimal activity. These requirements were essentially identical to those for incorpo- Fig. 3) . The chromatographic characteristics of these compounds indicated that they were a closely related set. The intensities of the spots did not reflect the relative amounts of the compounds, but rather they reflected the amounts of D-["4C]alanine which were covalently linked to the Dalanyl-lipophilic compounds. This series was well resolved from PG, digalactosyl diglyceride, and phosphatidic acid as well as alanine and Dalanyl-LTA. The requirements for incorporation into these compounds were consistent with those summarized in Table 1 (see Fig. 3 also).
Childs and Neuhaus (6) and Fischer et al. (10, 11) established that phosphodiesterase I/phosphatase from A. niger degraded D-alanyl-LTA with the liberation of D-alanyl-glycerol. In the same manner, treatment of D-alanyl-lipophilic compounds with this combination of enzymes also released the degradation product D-alanylglycerol. Characterization of this product was accomplished by procedures described by Childs and Neuhaus (6) .
If (Fig. 1A) (Fig. 6B) . In contrast to the assay for D-alanyl-lipophilic compounds (Fig. 6A ), no effect ofphosphate addition was observed. As mentioned previously, we recognized that our Toluene-treated cells were incubated with carrier-free 'Pi for 30 min (Fig. 7, lanes 1 to 3) . Fischer and co-workers (10) (11) (12) (13) (14) 25) presented evidence for a series of glycerophosphoglycolipids which are considered to be intermediates in the assembly of LTA. For example, from Streptococcus lactis NCDO 712, a di(glycerol phosphate)acylkojibiosyl diacylglycerol was characterized which was proposed on structural arguments to have a relationship to LTA. They also proposed that the D-alanyl-lipophilic compounds described by Brautigan and Neuhaus (Fed. Proc. 36:931, 1977 ) may be lipophilic short-chain segments similar to the series of glycerophosphoglycolipids from S. lactis (25) . The D-alanyl-lipophilic compounds described in this report have different solubility characteristics from the intermediates (nascent LTA) described by Ganfield and Pieringer (16) . Although both sets of compounds were extracted by chloroform-methanol-water, the D-alsnyl-lipophilic compounds partitioned into chloroform, whereas the nascent LTA partitioned into saline. Thus, we concluded that the compounds described in this report were different from those reported by Ganfield and Pieringer and represented ones at an earlier stage of assembly. In a study of LTA synthesis in Streptococcus sanguis, Emdur and Chiu (9) found one chloroformmethanol-extractable fraction which they characterized as LTA. This LTA may be similar to the D-alanyl-lipophilic compounds. (8, 9, 16, 17, 31) . In a number of bacteria PG is present in two distinct pools (3, 4, 28, 29, 39, 40) . In Bacillus megaterium one pool (PGj) undergoes rapid tumover of the phosphate moiety, whereas the second pool (PG.) exhibits metabolic stability in this group (29) . It has been suggested that PGt is the donor of sn-glycerol 1-phosphate units for LTA synthesis (28, 29) . Thus, one of the goals in the present work was to seek a correlation between the synthesis of PG and the metabolism of the D-alanyl-lipophilic compounds.
It has also been recognized that gram-positive bacteria which are phosphate limited synthesize teichuronic acid in place of wall teichoic acid (7, 15, 18, 19, 22, 37) . In several bacteria, phosphate limitation can be correlated with a decrease in either CDP-glycerol pyrophosphorylase (22, 37) or UDP-GlcNAc:undecaprenyl phosphate phospho-GlcNAc transferase (19) A possible intermediate in the D-alanine incorporation system is D-alanyl-PG. This phospholipid has been identified in Acholeplasma laidlawii (24) and Pediococcus cerevisiae (23) ; however, it has not been detected in L. casei (23) . Attempts to demonstrate the synthesis of D-alanyl-PG in L. casei in our laboratory have been unsuccessful. Thus, it would appear that this phospholipid is probably not an intermediate in the synthesis of D-alanyl-LTA.
The experiments described in this report suggest that the D-alanyl-lipophlhic-compounds in the D-alanine incorporation system are D-alanyl-LTA with short chains of poly(glycerol phosphate). These short-chained compounds are most likely precursors of the longer-chained Dalanyl-LTA. Further study of the mechanism of synthesis of these compounds may provide clues to the sequence of reactions involved in the asembly of D-alanyl-LTA.
